Abstract-The ability of operators to detect step changes in the order of control dynamics is investigated as a joint function of a) participatory mode, whether subjects are actively controlling those dynamics or are monitoring an autopilot controlling them, and b) concurrent task workload. Five subjects either tracked or monitored the system dynamics on a two-dimensional pursuit display under single task conditions and concurrently with a "subcritical" tracking task at two difficulty levels Detection performance was faster and only slightly less accurate in the manual as opposed to the autopilot mode. Performance in each mode was derogated by the concurrent tracking requirement, but not by increases in loading task difficulty. Further analysis indicated that manual superiority was attributable to the additional proprioceptive information resulting from operatorcontrol adaptation to the system change.
INTRODUCTION
OVER THE past decade, the aviation industry has witnessed a gradual change in the role of the pilot in the cockpit. As flight dynamics have become increasingly complex and as computer technology has advanced accordingly, many traditional pilot functions have been replaced by on-board computers, and in some instances the pilot is no more than a supervisor [1] or monitor of automatically controlled functions. One task, however, that remains of critical importance to the operator of any aviation system, whether he is removed from the control loop or not, is that of monitoring all facets of aircraft performance for the occurrence of failures or malfunctions, for example, the loss of stability augnentation, or loss of power to an engine. The relatively low frequency of occurrence of such events does not diminish the importance of failure monitoring and detection because the consequences of an undetected malfunction or one that is detected after an unnecessary delay can be disastrous, potentially resulting in the loss of the aircraft or of human life. Young [2] has argued strongly on the basis of his findings that the operator is more sensitive to system malfunctions as an active participant in the control loop than as a passive monitor. In his experiment, subjects were required to detect various step changes in system order and gain. Conditions were compared in which the subject was an active controller and a passive monitor (who was observing the compensaManuscript received October 31, 1977; revised April 20, 1978 , and September 11, 1978 tory display produced by another active controller). Under these circumstances, detection latencies were two to five times greater for the monitor than the controller. Contrary conclusions, however, were drawn from investigations by Vreuls [3] and by Ephrath and Curry [4] . The latter study investigated failure detection performance in a twodimensional simulated landing task as a function of participatory mode. The "failures," which in this case were deviations introduced into the flight path rather than changes in system dynamics, could occur in either the lateral or longitudinal control axis. Under different conditions subjects were either in control when a failure occurred or were monitoring a nonadaptive autopilot in control of that channel. The nonfailed channel could also be either controlled or monitored. Ephrath and Curry's results indicated a clear superiority for detection on the monitored as opposed to the controlled dimension, both in terms of the smaller number of missed failures and of the shorter detection latency. This difference was attributed jointly to the increased level of workload and to the allocation of attention away from critical sources of failure-related information in controlling condition.
Obviously, in many respects the studies of Young and of Ephrath and Curry are not comparable. Young employed single-axis tracking with changes in system dynamics, while Ephrath and Curry employed dual-axis simulator control with "deviation" failures. In addition, the monitoring conditions were different in the two experiments, since the "autopilot" monitored by subjects in Young's study, being another human controller, was thereby capable of adapting to the change in dynamics. The [5] - [9] , and 2) a channel, or set of channels, of information used to estimate the current state of the system. Noisy information concerning the system state is integrated over time and failures are detected by a decision mechanism when the current representation is assessed to be sufficiently deviant from the representation of normal operation to warrant a response. The decision process may be assumed to involve the application of some statistical decision rule [7] . Given that a failure has occurred, the diagnostic value of the noisy information will increase with the number of information sources The controller on the other hand has available, in addition to visual display information, a second parallel channel of potentially relevant information in the form of the proprioceptive input generated by control manipulation emanating from both joint position and muscle-tension related receptors [10] . Although control manipulation cannot directly reflect the occurrence of failures (except as failures initiate mechanical feedback from the control itself), it will do so indirectly to the extent that any compensatory adaptation that the operator initiates to a system change will be reflected in a change in his response characteristics (mean control position, velocity, or acceleration) and a corresponding change in the characteristics of the operator's open-loop transfer function [2] . When controlling then, these proprioceptive channels will be available to the detection system to supplement the visual channels that are available in both monitoring and controlling. Assuming that the two sensory channels available to the controller conveying failure information are perturbed by uncorrelated noise, the diagnostic value of the joint information available to the decision mechanism should exceed that of the information available to the monitor [11] . Curry and Ephrath [12] providing support for the role ofproprioception in detection have found that when the quality ofproprioceptive feedback is reduced by employing an isotonic control, failure detection performance deteriorates accordingly.
An important qualification of the above statement is that information concerning a failure occurrence in the proprioceptive and in the visual channels are not independent of each other but are interrelated through the process of control adaptation to the post-failure dynamics. If adaptation to the failure is rapid and complete, as may occur for example in response to shifts in system gain [2] , the obtained distribution of error following the change would show little or no alteration from that characterizing the normal operating state, while a change would be manifest in the characteristics of the control response. Conversely, failure to initiate any adaptive control would leave unchanged the proprioceptive input, while altering the nature of the displayed error distribution. The importance of this point is described below.
Differential Sensitivity to Visual versus Proprioceptive Information: While the controller will be provided with at least as many channels ofinformation as the monitor (one in the absence of adaptation, two in its presence), it should be emphasized that the information along the two channels will be a function not only of the extent ofadaptation, but also of the relative efficiency of detecting failure-related information along the visual versus proprioceptive channels. This second factor is of potentially critical importance since there is considerable experimental evidence that sensitivity to proprioceptive information is reduced relative to visual information, particularly when the two sources are available at the same time and are conveying conflicting information, e.g., [13] - [15] . Such a conflict, in fact, describes precisely the situation in which an operator has successfully adapted to a change in control dynamics. Under these circumstances, the visual error channel is providing information describing normal operation (since the appropriate gain, or lead-lag adjustment, has presumably been initiated to restore the original open-loop transfer characteristics), while the less sensitive kinesthetic channel conveys the information that a change has in fact been implemented. The predicted consequence of this conflict situation is that the operator will be less likely to detect the change than he would had no adaptation been achieved, the latter condition of course producing a visual signal equivalent to that of a nonadaptive monitored autopilot. McDonnell [16] , in fact, has noted anecdotally such instances in which successful adaptation has been coupled with the failure to detect dynamic system changes.
Workload Differences: A second characteristic of the manual control mode that predicts a reduced sensitivity to the occurrence of failures relates to the greater workload imposed by tracking than by monitoring. Numerous examples may be cited from behavioral literature that demonstrate the attention demands of purely perceptual tasks such as monitoring to be less than those of tasks such as tracking in which a requirement for the selection and execution of responses is also imposed [17] , [18] . This finding is verified as well in a direct comparison of controlling versus autopilot monitoring in the simulator [4] , [19] . In the framework of the present analysis, if monitoring for and responding to failures is regarded as a "task" separate from tracking, then since the operator's attentional resources are limited, the greater workload demands imposed in the control mode than in the monitoring mode would predict poorer performance on the added "task" of failure detection for the operator in the control loop.
Hypothesis Testing: One final difference between modes that cannot be overlooked relates to the operator's ability in the controlling mode to "test" the dynamics when the suspicion of a failure arises, by injecting artificial signals into the system and observing the response. This hypothesis testing is an option which is normally unavailable to the autopilot monitor.
Summary
The implications of the preceding analysis are complex. In summarizing, three attributes of the controlling mode may be identified that would seemingly facilitate failure detection: a smaller variability ofthe internal model of the system, the option of hypothesis testing, and a greater number of channels available upon which to base failure-detection decisions. At the same time, the latter advantage may be mitigated to the extent that a) adaptation takes place reducing the strength of a visual error signal and b) proprioceptive sensitivity is less than visual. In comparison, the monitoring mode is also characterized by two attributes that could facilitate detections: a greater "strength" of the visual signal (ifadaptation by an autopilot does not take place) and a lower level of workload. Clearly this interplay of factors is sufficiently complex to preclude precise predictions concerning the superiority of one mode over the other. The above representation, however, facilitates a clearer identification of the nature of the failure-detection task and allows predictions to be formulated concerning the differential effect of variables such as workload or control adaptation on detection performance. The present study was conducted with the intent of clarifying the nature of the superiority relation in failure detection between the two participatory modes.
Failures were step increases in the second-order component of system dynamics, thus simulating the loss of stability augmentation in aircraft control. A question of specific interest was whether the difference between the results of Ephrath and Curry and of Young could be attributed to differences in concurrent task workload between the paradigms. For this reason task workload, the demand for processing resources imposed by a concurrent loading task, was manipulated orthogonally to participatory mode.
METHOD Subjects
The subjects were five right-handed male university students enrolled in basic flight training courses at the Institute of Aviation. Subjects were paid at a rate of $2.50 per hour.
Apparatus
The basic experimental equipment included a 7.5 x 10 cm Hewlett Packard Model 1300 CRT display, a springcentered dual-axis tracking hand control with an indexfinger trigger operated witlh the right hand, and a spring-loaded finger controller operated with the left. A Raytheon 704 16-bit digital computer with 24 k memory and A!D, D/A interfacing was used both to generate inputs to the tracking display and to process responses of the subjects. The subject was seated on a chair with two arm rests, one for the tracking hand controller and one for the side-task finger controller. The subject's eyes were approximately 112 cm from the CRT display so that the display subtended a visual angle of 3.4°.
Trackin1g Tasks: The primary pursuit-tracking task required the subject to match the position of a cursor with that of a target which followed a semipredictable twodimensional path across the display. The target's path was determined by the summation of two nonharmonically related sinusoids (0.05 and 0.08 Hz) along each axis with a phase offset between the axes. The position of the following cursor was controlled jointly by the subject's control response and by a band-limited forcing function with a cutoff frequency of 0.32 Hz for both axes. Thus the two inputs to the system were well differentiated in terms of predictability, bandwidth, and locus of effect (target versus cursor). The control dynamics of the tracking task were of the form YI= (1 -a),`s + (a/s2) for eaclh axis, where o was the variable parameter used to introduce chaniges in the system dynamics. These changes, or simulated failures, were introduced by step changes in the acceleration constant a from a normal value of 0.3, a mixed velocity and acceleration system with a high weighting on the velocity component, to x = 0.9, a system that approximates pure second-order dynamics and requires the operator to generate considerable lead in order to maintain stable performance.
As the loading task, the critical task [20] , was employed. To provide some experience with the failed condition (i.e., the higher acceleration in the control dynamics), the subject received two trials (one AU and one MA) in which he tracked (or viewed the autopilot tracking) only the failed dynamics. Two demonstration trials were then presented in which the subject tracked in the regular condition, but the onset of each failure, was cued by the presentation of an F on the screen. The subject was instructed to press the trigger to return the system to normal only upon the detection of the nature of the change. This training period was then followed by eight regular detection trials (4 AU, 4 MA in alternating order). Each trial contained either four or six failures so that a total of 20 failures were presented in each mode.
The presentation of the failure was generated by an algorithm that assured random intervals between presentations and allowed the subject sufficient time to establish baseline tracking performance before the onset of the next change. Task logic also ensured that changes would only be introduced when system error was below a criterion value. In the absence of this latter precaution, changes would sometimes introduce obvious "jumps" in cursor position.
During these detection trials, the detection decision was recorded by pressing the trigger on the control stick. This response presented a T on the screen and returned the system to normal operating conditions of the prefailure dynamics. If the subject failed to detect the change, the system returned to normal after 6 s via a 4 s ramp. The six seconds were an interval within which it was assumed, on the basis of pretest data, that responses would correspond to detected failures and not to false alarms. The subjects were told to detect as many changes as possible as quickly as possible.
On the second day (dual-task training), the subject performed the primary tracking task together with a side task, the critical task. After a refresher trial in the MA mode, the subject received a series of training trials to practice the side task, first in the AU and then in the MA mode. When acceptable criteria were achieved in the critical task and MA tracking individually, the subject then carried out these tasks together with the failure demonstrations, as described above. Eight more experimental trials were then presented in which the subject performed all three tasks (tracking or monitoring, critical task, and failure detection). Two trials were presented in each mode at each level of critical task difficulty (A' = 0.5, 1.0). The subject was instructed to "do the side-stick task as efficiently and accurately as possible." The instructions, therefore, clearly defined the side task as the loading task while allowing performance on the tracking and detection tasks to fluctuate in response to covert changes in available attentional resources. These instructions were emphasized by providing subjects with trial by trial feedback on critical task performance. In this manner, workload demands were experimentally manipulated, rather than being passively assessed. Following the two training days, the final three days, used to generate the data for experimental analysis followed the format of Table I . The order of presentation of the 12 experimental trials was counterbalanced across subjects and across days within a subject. The task logic, instructions, and experimental procedure was otherwise identical to that on days 1 and 2. ANALYSIS Detection performance was assessed in terms of the accuracy and latency of responses. Because accuracy is a joint function of the proportion of failures detected and the number offalse alarms (detection responses in the absence of a failure), signal detection theory analysis was employed [21] . However, a modification of the conventional signal detection analysis procedure was adopted because in the paradigm employed subjects were not provided with a clearly defined response interval. According to this procedure, known as the method of free response [22] , an assumption is made that any response occurring within a given interval following a failure is a hit a response triggered by the failure signal. Any other response is a false alarm. Data collected in pretests were used to define the hit interval as 6 s, and the measure P (HIT) was simply the number of detection responses falling within the interval divided by the total number of intervals. Following the procedures outlined by Watson and Nichols [22] , the remaining duration of the trial was subdivided into false alarm intervals of duration equivalent to the 6-s hit intervals. The measure P(FA) was computed as the number of false alarms divided by the total number of false-alarm intervals.
For a sensitivity measure, the area under the ROC [A (ROC)] was employed rather than d' because the former measure is more robust to violation of distribution assumptions and to the small number ofsignals employed here [21] . [23] .
Tracking measures of vector error, vector control position, and critical task error were sampled every 60 ms and stored on digital tape for later data analysis. Error and control position were also differentiated to obtain their respective velocity values. In addition, on a fourth channel, the occurrences of failures and responses were recorded. At the end ofeach trial, the rms vector error on the primary task and rms error on the critical task (if performed) were computed.
RESULTS

Detection Performance
Table II presents the average hit and false-alarm probabilities for each subject in each of the six conditions, and following the procedure outlined above, these were converted to A(ROC) measures. Performance in the different conditions plotted as a joint observation of detection accuracy [A(ROC)], and latency is shown in Figs. 1 and 2 . In Fig.   1 , the heavy vectors portray the effect of adding the loading task on the mean performance of all subjects in the speedaccuracy space. The beginning of the vector thus corre- ' The A(ROC) representation does not allow a separate assessment of response bias. This dimension of performance was not examined in the present study because of the greater interest in detection sensitivity and the dependence of any response bias measure upon assumptions concerning the penalty and values associated withl different response outcomes. Since no explicit payoff structure was imposed upon the subject's responses. these biases may have varied considerably.
sponds to the bivariate mean of the five individual subject data points assessed under single task conditions. The vector end (arrow) corresponds to the bivariate mean of the average performance measures across the two critical task conditions. The lighter vectors portray the data of the five individual subjects. Because of the importance of viewing individual subject data, the brackets below represent the average magnitude, across subjects of + I standard error confidence estimates along both the latency and accuracy axes.2 By this representation, it is possible to view simultaneously the trend of a subject's behavior in the speedaccuracy space as the loading task is required, the extent to which the trend typifies the behavior of all subjects, and through the confidence brackets, the reliability of the trends shown by individual subjects. Since considerable experimental literature indicates that adding a concurrent task and increasing its difficulty may have qualitatively different effects on primary task performance [24] , [25] , a separate depiction of the effects of increasing critical task difficulty is shown in Fig. 2 Undoubtedly, the most noteworthy effect in Fig. 1 guous decrease in performance, but rather as a shift in bias to faster, but less accurate, responding (Fig. 2) .
Information Utilized in Detection
In the introduction, three hypotheses were proposed to predict why detection might be superior in the MA over the AU mode, and two were proposed predicting AU superiority. The results presented in Figs. 1 and 2 suggest that manual detection was generally superior, and the data were analyzed in detail to determine their consistency with the second hypothesis proposed for manual superiority i.e., the role of the added proprioceptive channel. In this endeavor, three analysis techniques were pursued to identify the cues employed and to provide insight into the nature of the detection process.
1) Ensemble averages of display and control variables were constructed primarily to determine the existence of failure "signals" that might have been employed in detection. These signals are time varying characteristics of the variables, time-locked to failures, and increasing during the post-failure interval (Fig. 4) . Separate averages were constructed for hit and miss trials in each condition. 3) The distribution of detection responise latencies was examined to assess the accumulation of failure-related evidence by the decision center. The results of' these tlhree techniques will be discussed as they bear upon the question of the cues utilized for detection.
The assumption that AU detection is based upon the error information is borne out by the single task ensemble averages presented in Fig. 4 . Clearly a transient increase in displayed error is produced by the failure (information is available to the decision center), and the difference between detected failures (solid lines) and undetected ones (dotted lines) is consistent with the view that, of the randomly distributed set of error profiles following failures, those that manifest a smaller increase tended to be missed. These therefore generated the lower ensemble. This anialysis is corroborated by the multiple regression data ( Table Ill) .
The negative value for the best predictor of AU latency suggests that larger error signals at 0.6 s latency are associated with faster responses. Similarly the second predictor variable, error velocity, is also associated with latency in such a way as to suggest that increases in its magnitude serve as a signal to shorten detection latency.
Turning to the MA condition in Fig. 4 The fact that the increase in the average hit and miss error traces is greater in the AU than in MA condition suggests that in the MA mode the operator is performing some sort of control adaptation to the new post-failure plant dynamics an adaptation directed to bring error to its prefailure level. According to predictions of the crossover model [28] , the increase in system order produced by the failure requires the operator to develop greater lead, differentiate the error value, and produce a response velocity of higher average value. Thus to the extent that adaptatioin is carried out, control velocity should increase. Furthermore, even if adaptation is not the linear response predicted by the crossover model, but represents instead a time-optimal bang-bang response [29] , the later strategy should still produce an increased control velocity.
In the data presented in Fig. 4 , an increase in control velocity is visible following the failure, supporting the view Predictor variables were excluded if they occurred at latencies equal to or greater than the mean detection latencies. Latenicy Distribhttion: The ensemble average and multiple regression analysis of the single-task data suggest that more rapid MA detection may be attributed to the adaptationrelated proprioceptive information channel that becomes available to the decision center within 1-2 s following the failure occurrence. This interpretation receives further support from an analysis of the distribution of response latencies. In the current data, these distributions for all MA conditions were highly skewed in a positive direction, while those of the AU conditions were approximately symmetrical. The latency distributions were transformed to cumulative probability distributions portraying the relative number or probability of failures detected, as a function of latency after failure (Fig. 5) . Lappin [30] That there is a difference between the hit-and-miss response velocity profile of Fig. 4 indicates that response-related (proprioceptive) information is employed in detection. However, it is not apparent why the hit trace of Fig. 4 shows initially a lower response velocity. It is possible that this difference reflects the initial sluggish response of the system and therefore the initial low-velocity control response required to nullify the error. When the low velocity response is pronounced. detection is facilitated. shallower slope following represents the integration of evidence from the visually displayed error signal.
2) (Fig. 1) , and b) increases in its difficulty (Fig. 2) . Critical task introduction adds both a new display element (demand for perceptual resources), as well as new response demands required by the left control manipulation (demand for response resources). Thus the expected decrease in both the concurrent tracking performance (Fig. 3 ) and in detection performance (Fig. 1) [2] .
2) The extent of this superiority did not diminish as the critical task was added or as its difficulty was increased by increasing the subcritical value of A; an interaction between participatory mode and workload was not obtained.
3) The effect of adding the critical task was to reduce detection performance in both modes, but performance was little altered with increasing A. 4) Within the framework of the model presented, converging evidence from multiple regression, ensemble averaging, and latency distribution data was presented suggesting that the cause of MA superiority was the added proprioceptive information, resulting from control adaptation and available for the first few seconds follwing the failure. This information, when coupled with the displayed visual information, allowed a rapid initial aggregation ofevidence in the MA mode, yielding short latency detections. However, the availability of the proprioceptive adaptation information was short-lived, due perhaps to the transient memory for the proprioceptive standard. Once gone, the now-adapted visual error signal continued to provide evidence of lesser strength, accumulated at a slower rate than the nonadapting AU condition. Therefore, the mean and modal latencies of AU detections were longer, but overall detection was slightly more accurate.
There is a second interpretation that the greater AU latency could be attributed to a greater loss of vigilance or wandering of focal attention from the display in the less demanding AU condition. While eye fixations were not recorded, and so this hypothesis cannot be discounted, four factors argue against it. 1) Trial duration (2' minutes) and interstimulus interval (approximately 25 seconds) were both considerably shorter than those conventionally employed in vigilance research.
2) The classic "vigilance decrement" [33] (drop in performance across a trial) was not observed in the data. 3) Detection accuracy was slightly enhanced in the AU condition, a result contrary to that which would be predicted by the loss of vigilance. 4) A subsequent study by Kessel and Wickens [34] in which explicit payoffs were provided for detected failures (presumably attenuating any effect of vigilance) did not alter the magnitude of the latency difference in detection.
5) The role of task workload in affecting detection performance was seemingly only evident as perceptual load was increased (adding the requirement to process the critical task display) and not as additional demands were placed upon the response systems, either through tracking the primary task or through the greater resource demands of the increased loading task difficulty. 6) Concerning the role of a more stable internal model as a cause of MA superiority, it can be argued that this factor probably played a relatively minimal role in influencing the present results. This is because the repeated measures design allowed the same subjects to participate alternately on AU and MA trials. Thus the internal model constructed during MA trials, if superior, was presumably also available on AU trials. On this basis, it may be hypothesized that even greater MA superiority might be obtained if participatory mode were manipulated as a between subjects variable. Conversely, if the operators employed different models in the two conditions, then, given the predicted inferiority of the AU model, this difference might have contributed to the obtained results.
7)
The difference between the findings of Young and of Ephrath and Curry regarding MA versus AU superiority are consistent with the current results. The MA condition in Young's experiment and in the current one were in many respects similar. A step change in system order was imposed following which control adaptation was required. This entailed a change in general response characteristics (opera-IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNE[I(Sc, "0L. 
